Abstract PURPOSE: Relapsed/refractory pediatric cancers show poor prognosis; however, their genomic patterns remain unknown. To investigate the genetic mechanisms of tumor relapse and therapy resistance, we characterized genomic alterations in diagnostic and relapsed lesions in patients with relapsed/refractory pediatric solid tumors using targeted deep sequencing. PATIENTS AND METHODS: A targeted sequencing panel covering the exons of 381 cancer genes was used to characterize 19 paired diagnostic and relapsed samples from patients with relapsed/refractory pediatric solid tumors. RESULTS: The mean coverage for all samples was 930.6× (SD = 213.8). Among the 381 genes, 173 single nucleotide variations (SNVs)/insertion-deletions (InDels), 100 copy number alterations, and 1 structural variation were detected. A total of 72.6% of SNVs in primary tumors were also found in recurrent lesions, and 27.2% of SNVs in recurrent tumors had newly occurred. Among SNVs/InDels detected only in recurrent lesions, 71% had a low variant allele fraction (b10%). Patients were classified into three categories based on the mutation patterns after cancer treatment. A significant association between the major mutation patterns and clinical outcome was observed. Patients whose relapsed tumor had fewer mutations than the diagnostic sample tended to be older, had longer progressionfree survival, and achieved complete remission after relapse. Contrastingly, patients whose genetic profile only had concordant mutations without any change had the worst outcome. CONCLUSIONS: We characterized genomic changes in recurrent pediatric solid tumors. These findings could help to understand the biology of relapsed childhood cancer and to develop personalized treatment based on their genetic profile.
Introduction
The outcome of pediatric cancer has greatly improved over the past few decades, resulting in a 5-year overall survival of around 80% [1] . However, certain high-risk or relapsed/refractory pediatric cancers still show poor prognosis, with a survival rate of less than 20%. These findings suggest the urgent need for new therapeutic strategies. Advances in genomic technologies in recent years have improved our ability to detect diverse somatic and germline genomic aberrations in cancer. It is anticipated that the interpretation of genomic information from cancer could be used to develop new therapeutics. In particular, as the mutation number is relatively small in childhood cancer, unlike adult cancers, which are caused by the accumulation of mutations from environmental influences [2] , it has been proposed that pediatric cancer could be a good candidate to find therapeutic targets using genomic analysis [3] .
Previous studies have reported the genetic heterogeneity at relapse in diverse cancer types [4] [5] [6] . These studies suggested that new additional key mutations and clonal evolution might contribute to tumor relapse. During tumor evolution, subclonal mutations acquired under the selective pressure of previous therapy might confer resistance [7] . Intrinsic tumor heterogeneity might also cause genetic heterogeneity at tumor relapse. Most studies on relapsed tumors have focused on adult cancer patients, while there have been few studies comparing genetic variations of both samples at diagnosis and recurrence in childhood cancer.
Recently, a cancer panel using high-depth next-generation technology has attracted attention as a tool to identify mutations in a large number of oncogenes [8, 9] . The panel can provide sensitive detection of cancerspecific mutations and can identify rare mutations and minor alleles with lower variant allele fractions (VAFs) [10] . Sensitive detection of actionable variants, especially in tumor tissues from refractory cancer, is an essential step toward personalized cancer medicine.
To investigate the genetic mechanisms linked to tumor relapse and therapy resistance, we detected and characterized genomic alterations between primary lesions and its relapsed lesion in patients with pediatric solid tumors using high-depth targeted panel sequencing.
Materials and Methods

Patients and Sample Preparation
Patients with relapsed/refractory pediatric solid tumors who had samples taken at both diagnosis and relapse were included in this study. This study was approved by the Institutional Review Board of Samsung Medical Center (IRB approval no. SMC 2015-11-053), and written informed consent was obtained from the participants and/or their parents or legal guardians.
Isolation of Genomic DNA
Both fresh-frozen (FF) tissue and formalin-fixed, paraffin-embedded (FFPE) tissue were used. All tumor specimens were reviewed by a pathologist to determine the percentage of viable tumor and their adequacy for sequencing. Genomic DNA from FFPE tissue was extracted using a Qiagen DNA FFPE Tissue kit, and genomic DNA from FF tissue was extracted using a QIAamp DNA mini kit (Qiagen, Valencia, CA). The genomic DNA concentration and purity were measured using a Nanodrop 8000 UV-Vis spectrometer (Thermo Scientific Inc., Wilmington, DE) and a Qubit 2.0 Fluorometer (Life technologies Inc., Grand Island, NY). To estimate DNA degradation, DNA median size and ΔCt (cycle threshold) values were measured using a 2200 TapeStation Instrument and real-time PCR (both Agilent Technologies, Santa Clara, CA), respectively.
Sequencing Using a Cancer Panel (CancerSCAN)
Genomic DNA (250 ng) from each tissue was sheared in a Covaris S220 ultrasonicator (Covaris, Woburn, MA) and used to construct a library using CancerSCAN [10, 11] probes and a SureSelect XT reagent kit (HSQ; Agilent Technologies) according to the manufacturer's protocol. This panel is designed to enrich exons of 381 genes curated from the literature (Supplementary Table S1 ). After the enriched exome libraries were multiplexed, the libraries were sequenced using the 100-bp paired-end mode of the TruSeq Rapid PE Cluster Kit and TruSeq Rapid SBS kit on the Illumina HiSeq 2500 sequencing platform (Illumina Inc., San Diego, CA). The DNA sequence data were aligned to the human genome reference (hg19) using the MEM algorithm in BWA 0.7.5 [12] . Duplicate read removal was performed using Picard v.193 and SAMTOOLS v0.1.18 (samtools.sourceforge. net). Local alignment was optimized using the Genome Analysis Toolkit (GATK) v3.1-1 (https://software.broadinstitute.org/gatk/). We also used BaseRecalibrator from GATK for base recalibration based on known single nucleotide polymorphisms (SNPs) and insertion-deletion (InDel) from Mills, dbSNP138, and 1000G gold standard, 1000G phase1, and Omni 2.5.
SNV and InDel Detection
Variant calling was done only in regions targeted in CancerSCAN [10] . We detected single nucleotide variations (SNVs) using two tools: MuTect and LoFreq [13, 14] . We then filtered out falsely detected variants from abnormally aligned strand biased and clustered reads using in-house-developed scripts. ANNOVAR was used to annotate the detected variants using diverse resources, including dbSNP138, COSMIC, TCGA, and in-house Korean SNP DB. InDels were detected using Pindel [15] and annotated using ANNOVAR. To filter out germline variants, we applied two algorithms: 1) except for hotspot mutations, variants with an allele frequency greater than or equal to 97% were filtered out, and 2) suspected germline variants were filtered out if the allele frequency was greater than or equal to Korean normal samples.
Copy Number Alteration Detection
We used CancerSCAN software to detect copy number alteration (CNA) [10] . In CancerSCAN, the software 'Depth of Coverage' in GATK v3.1-1 was used to calculate the sequencing coverage for each exon. The mean coverage for the total exons was calculated and normalized by pattern matched normal reference datasets. Tumor purity to adjust the CNA was calculated using normalized coverage and B allele frequencies. We identified copy number deletion when the copy number was less than 0.7 and copy number amplification when the copy number was more than four using the above method. Low-level copy number gain and copy number loss were identified using B allele frequencies. We defined a copy number of three as low-level copy number gain and a copy number of one as low-level copy number loss. Exon 6 deletion of SMARCB1 was detected manually by calculating normalized copy number of each exon.
Statistics
Differences between categorical variables were measured using Fisher's exact test. Differences between means in continuous variables were calculated using Wilcoxon rank sum test, and comparisons between continuous variables in the three groups were performed using the Kruskal-Wallis test. The Kaplan-Meier method and log-rank univariate comparisons were used to estimate survival. R version 3.4.1 was used for all statistical analyses, and P b .05 was accepted as statistically significant.
Results
Patient characteristics
Nineteen patients with various diagnoses, including five rhabdomyosarcomas and five neuroblastomas, were enrolled in this study. Detailed information for each patient is summarized in Table 1 . All patients received chemotherapy before relapse or progression, and five of them underwent high-dose chemotherapy because of the high probability of relapse after standard treatment. Six patients received radiotherapy as a part of the first-line treatment, and the biopsy sites at relapse were irradiated in three of them (patients 6, 7, and 16). Median time to relapse/ progression was 15.4 months (range, 3.3-51.0 months). Eleven patients had recurrences after completing the scheduled first-line treatment, and eight patients experienced disease progression during treatment. Eleven patients showed disease progression again after salvage treatment, six patients achieved complete remission, and two patients were in partial remission.
Detected Genetic Alterations
We carried out targeted sequencing on 19 paired samples. Based on the sequence analysis, the average target depth for all samples was 930.6× (SD = 213.8) (Supplementary Table S2 ). Across the 381 target genes, 173 SNVs/InDels, 100 CNAs, and 1 structural variation (EWSR1-WT1 fusion in patient 14) were detected (Supplementary Tables S3, S4 ). The detected alterations are summarized in Table 2 [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . The landscape of these alterations is shown in Figure 1 . The most frequently altered genes were TP53 (six SNVs/InDels) followed by PKHD1 (n = 5), BRCA2 (n = 4), INSR (n = 4), CDK12 (n = 4), LRP1B (n = 3), NOTCH1 (n = 3), EPHA5 (n = 3), RB1 (n = 3), NOTCH3 (n = 3), ARID1A (n = 3), and APC (n = 3). Frequently amplified genes were MYCN (n = 5) and NKX2-1 (n = 4). MYCN amplifications with a copy number greater than eight were present in three cases. The copy number of MYCN ranged from 22.2 to 156.6 in these cases. Other genes with high-level amplification were MCL1, MDM2, PRDM1, CCND2, FGF6, FGF23, CDK6, SEMA3A, SEMA3E, KIT, and PDGFRA. FGF6 and FGF23 are 62 kbp and 128 kbp apart from CCND2 and were amplified in the same tumors showing CCND2 amplification. Frequently deleted genes were PMS2 (n = 2) and SMARCB1 (n = 2). Only exon 6 out of the nine exons of SMARCB1 was deleted in patient 3, who was diagnosed as having a malignant rhabdoid tumor. In this patient, the B allele frequencies of almost all the SNPs on chromosome 22 were near 5%, 95%, or 100%; in other words, there was loss of heterozygosity in chromosome 22 in this patient, resulting in the homozygous deletion of SMARCB1 exon 6 ( Figure 2 ).
Comparison of Genetic Alterations between Diagnosis and Recurrence
A total of 72.6% of SNVs in diagnostic lesions were also found in the recurrent lesions, and 27.2% of SNVs in recurrent tumors had newly occurred. The tumor mutation burden of the recurrent tumor increased in nine patients (47%), decreased in three patients (16%), and did not change in seven patients (37%).
We found several patterns in the changes of genetic variations between the diagnostic and relapsed samples (Figure 3 ). For example, patient 4 had high number of SNVs/InDels that were present in the diagnostic tumor but disappeared in the recurrent lesions, indicating clonal extinction of tumor cells. Patient 6 had a relatively high number of SNVs/InDels that newly occurred in the recurrent lesion, indicating additional clonal expansion of tumor cells. However, patients 3, 8, 11, 14, and 15 had no disappearing or additionally acquired SNVs/InDels in their recurrent lesions. Consequently, we classified these patterns into three groups. A patient was classified into group 1 when the number of disappearing SNVs and InDels in the recurrent lesion was more than the number of newly acquired SNVs and InDels. A subject was classified into group 2 when the number of disappearing SNVs and InDels was less than or equal to the number of newly acquired SNVs and InDels. A patient was classified into group 3 when no SNVs or InDels disappeared or were newly acquired.
One patient with osteosarcoma and two with rhabdomyosarcoma comprised group 1. Eleven patients with various tumor types were classified into group 2. The diagnoses of the five patients classified into group 3 were malignant rhabdoid tumor, hepatoblastoma, epithelioid sarcoma, ganglioneuroblastoma, and desmoplastic small round cell tumor. Patients in group 1 tended to be old, and patients in group 3 tend to be young (Table 3 ). All patients in group 1 achieved complete Figure 2 . SMARCB1 deletion in Patient 3. Only exon 6 out of 9 exons of SMARCB1 was deleted in patient 3, who was diagnosed as having a malignant rhabdoid tumor. There was loss of heterozygosity in chromosome 22 in this patient, resulting in homozygous deletion of SMARCB1 exon 6.
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remission with salvage treatment after relapse or progression. Except for one patient diagnosed with ganglioneuroblastoma, none of the patients in group 3 responded to primary and secondary therapy. The overall survival rate tended to be higher in group 1 than in group 3, although the difference was not significant (P = .125). Progression-free survival was significantly better in group 1 and worse in group 3 (P = .011) (Figure 4) . Interestingly, the two patients (patients 4 and 9) whose recurrent samples only had concordant mutations, with no newly acquired SNVs/InDels, showed late relapse more than 2 years after initial diagnosis. The number of newly acquired SNVs/InDels in the three patients who had received radiotherapy to the biopsy sites at relapse (patients 6, 7, 16) was significantly higher than that of the other patients (5.33 ± 2.31 vs 1.38 ± 1.59, P = .017).
Low-VAF Variants and Low-Level CNAs
Among the SNVs/InDels detected in only recurrent lesions, 71% of variants had low VAF values of less than 10% ( Figure 5 ). However, only 5% of SNVs/InDels detected in both lesions had low VAF values. The low-VAF variants include possible disrupting mutations of tumor suppressor genes RB1, TP53, BCOR, APC, TSC2, BRCA2, and TGFBR2, and possible driver mutations of oncogenes EGFR and HRAS. These mutations might have important roles in tumorigenesis and tumor progression. Moreover, several clinically actionable variants such as CDK6, PTCH1, SMO, and EGFR were detected with low VAF values in the recurrent lesions. We detected 488 low-level copy number gains and 623 low-level copy number losses (Supplementary Table S5 ). Genes with frequent one copy loss were STAT3 (n = 8), PBRM1 (n = 7), GNA11 (n = 7), FGF3 (n = 6), Figure 3 . Groups according to the mutational change pattern. Patients were divided into three groups. A subject was classified into group 1 when the number of disappeared SNVs and InDels in the recurrent lesion was more than the number of newly occurring SNVs and InDels. A subject was classified into group 2 when the number of disappeared SNVs and InDels was less than or equal to the number of newly occurring SNVs and InDels. A subject was classified into group 3 when no SNVs or InDels disappeared or newly occurred.
ATM (n = 6), PGR (n = 6), CRKL (n = 6), TP53 (n = 6), and HSP90AA1 (n = 6). Among them, the copy number loss of tumor suppressor genes PBRM1, ATM, and TP53 might have important roles. PGR is located 7 Mbp apart from ATM, and all copy number losses co-presented with ATM copy number losses.
Discussion
In this study, we characterized genomic alterations between diagnostic and recurrent lesions in patients with relapsed/refractory pediatric solid tumors by performing targeted deep sequencing using a customdesigned cancer panel. This platform enabled the sensitive detection of genomic alterations in both diagnostic and recurrent lesions, including the identification of variants with low VAF values. Patients were divided into three groups according to the pattern of SNVs/InDels between the diagnostic and recurrent lesions, and there was an association between the pattern and the clinical outcome.
It is not easy to obtain tissue again when the tumor recurs in pediatric patients; therefore, there have been few studies comparing the genomics between diagnostic and relapsed samples in pediatric cancer. Previous studies were limited to leukemia, neuroblastoma, and medulloblastoma, and these studies utilized whole exome sequencing or whole genome sequencing, with or without whole transcriptome analysis [29] [30] [31] [32] . These studies demonstrated the clonal evolution of cancer from diagnosis to relapse, irrespective of the diagnosis or the analytic method. The differences in our study were that our study examined various pediatric solid tumors and used targeted deep sequencing.
Targeted deep sequencing has many advantages, including the relative simplicity of the method to detect known variants, with high coverage and low complexity [33] . The presence of many variants with a VAF under 10% in the recurrent lesions made it clear that very high-depth panel sequencing offers advantages in a clinical setting. Although assessing whether these low VAF mutations have a role as driver rather than passenger mutations is difficult, low-VAF variants could be as important as high-VAF variants in clinical specimens [10] . These variants could be informative because they may be associated with tumor heterogeneity or subclonal changes after cancer treatment [34] . In our study, several oncogenic variants, including those in TP53, APC, BRCA2, and EGFR, and actionable variants such as EGFR, CDK6, PTCH1, and SMO were detected with low VAF values in the recurrent lesions. Standard sequencing (typically 100-200× obtained by exome-only coverage, or 30-60× obtained by full genome coverage) would not have sufficient sensitivity to detect these exonic variants [11, 13] .
When we classified our patients into three categories based on the pattern of mutations after cancer treatment, we found a significant association between clinical outcome and the major patterns of these alterations. Especially, patients in group 1, whose recurrent samples indicated clonal extinction in response to cancer treatment showed longer progression-free survival compared with patients in group 2, whose recurrent samples indicated additional localized clonal expansion after cancer treatment. Furthermore, all patients in group 1 achieved complete remission after relapse. Based on these results, we speculated that subclonal changes under the selective pressure of cancer therapy might be associated with clinical outcome, and clonal expansion during cancer therapy has a role in treatment resistance in childhood cancer [7, [34] [35] [36] . Interestingly, except for one patient, patients in group 3, whose genetic profile only had concordant mutations with no newly acquired or disappearing SNVs/InDels, showed the worst clinical outcomes and did not respond to primary and secondary therapy. These findings suggest that a lack of subclonal changes in response to cancer therapy revealed a poor outcome and (B) The overall survival rate tended to be higher in group 1 than in group 3, although it was not significant (P = .125).
has a prognostic value. However, it is unclear whether resistance is predominantly driven by preexisting concordant mutations or de novo alterations outside of the target panel. Other potential causes such as transcriptomic and epigenetic factors should be considered. In our cohort, the tumor mutation burden was significantly increased in recurring tumors of patients who received radiotherapy at the biopsy site. Ionizing radiation is a well-known mutagen and has been considered a factor in the development of secondary neoplasm [37, 38] . By contrast, tumor mutation burden is an important predictor of response to immune checkpoint inhibitors in adult cancers [39, 40] . Although immunotherapy for pediatric solid tumors is under investigation [41] , a combination of immunotherapy and radiotherapy may have potential to improve the effect of immunotherapy [42] .
Conclusion
In this study, we characterized genomic changes in recurrent childhood cancers. A number of variants in the relapsed samples had low VAFs, suggesting the usefulness of targeted deep sequencing to detect oncogenic or actionable variants in the relapsed samples. In addition, the detected mutational change patterns were related to the clinical outcome of the patients. These findings could help to understand the biology of relapsed childhood cancer and to develop personalized treatment strategies based on the genetic profile of childhood cancers.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.tranon.2018.08.013. 
